Left ventricular (LV) function post-myocardial infarction (MI) is adversely influenced by hypercholesterolemia independent of the severity of coronary atherosclerosis. The objective of this study was to evaluate whether lipid lowering by adenoviral lowdensity lipoprotein (LDL) receptor (AdLDLr) gene transfer in C57BL/6 LDL receptor (LDLr)-deficient mice beneficially affects ventricular remodeling and cardiac function post-MI independent of effects on the coronary circulation. AdLDLr transfer reduced plasma cholesterol by 77% (Po0.0001). Survival 28 days post-MI was higher in AdLDLr-treated mice (95%) compared with control mice (80%) (Po0.05) (hazard ratio for mortality 0.26, 95% confidence interval 0.11--0.84). Infarct size was not significantly different at day 1 and day 7 but was reduced by 18% (Po0.05) at day 28 in AdLDLr MI mice compared with control MI mice. Cardiomyocyte hypertrophy and interstitial fibrosis were reduced and neovascularization was increased in AdLDLr MI mice. LDLr gene transfer had beneficial effects on endothelial progenitor cell (EPC) number and ex vivo EPC function. LV contractility and relaxation were better preserved in AdLDLr MI mice compared with control MI mice. In conclusion, lipid lowering in hypercholesterolemic mice exerts direct cardioprotective effects resulting in enhanced survival, reduced infarct size, decreased ventricular remodeling and better cardiac function.
INTRODUCTION
The loss of myocardial tissue following acute myocardial infarction (MI) results in a sudden increase in loading conditions. This induces ventricular remodeling, which involves both the infarcted border zone and remote non-infarcted myocardium.
1 Impairment of cardiac function as a result of ventricular remodeling post-acute MI may lead to the development of heart failure. Ischemic heart disease is the main cause of heart failure. 2 Hypercholesterolemia is a well-established risk factor for the development of coronary atherosclerosis. However, whether hypercholesterolemia modulates myocardial infarct size and ventricular remodeling independent of its effects on the coronary circulation has not been investigated till now. In patients with a first MI, hypercholesterolemia is associated with a more pronounced deterioration of the left ventricular (LV) function independent of the severity of coronary atherosclerosis. 3 In addition, lipidlowering therapy before MI is associated with reduced myocardial necrosis as evaluated by peak creatine kinase-MB activity. 4 However, the cardioprotective effects of statins, the most widely used hypolipidemic drugs, may be indirect via its effects on endothelial function and on myocardial perfusion post-MI. 5 In addition, these cardioprotective effects of statins are at least partly independent of cholesterol lowering. In a similar way, statins limit myocardial infarct size in normocholesterolemic mice subjected to ischemia and reperfusion injury via enhanced nitric oxide production. 6, 7 Taken together, whether cholesterol levels have direct effects on ventricular remodeling post-MI, remains un-established.
We have previously shown that myocardial-free cholesterol levels are significantly elevated in hypercholesterolemic lowdensity lipoprotein (LDL) receptor (LDLr)-deficient mice and that this is reversed by lipid-lowering gene transfer. 8 Cholesterol has important structural and functional roles in membranes, particularly in the plasma membrane. An altered membrane cholesterol content changes the physical properties of the membrane 9 and may affect the function of pumps, ion channels and enzymes. An increased cholesterol content in the lipid bilayer of the cardiac sarcolemmal membrane of isolated cardiomyocytes decreases cytosolic calcium levels and impairs ex vivo contractility and relaxation. 10--12 Therefore, a biochemical and physiological rationale exists for the hypothesis that cholesterol exerts direct effects on the myocardium and may directly influence ventricular remodeling post-MI.
The goal of this study was to investigate whether selective lipid lowering induced by LDL-lowering gene transfer in hyperlipidemic C57BL/6 LDLr À/À mice affects ventricular remodeling post-MI via direct effects on the myocardium. In order to exclude indirect effects of plasma cholesterol on ventricular remodeling via modulation of coronary perfusion, a model of permanent ligation of the left anterior descending coronary artery was applied. The use of LDL-lowering gene transfer precludes non-lipid effects that may occur with statin therapy. Our results show that LDLr gene transfer in hypercholesterolemic mice before MI exerts direct cardioprotective effects resulting in enhanced survival, reduced infarct size, attenuated ventricular remodeling and improved cardiac function.
RESULTS

AdLDLr gene transfer persistently lowers plasma lipoprotein levels in female LDLr
À/À mice on a high-cholesterol, high-fat diet
To induce pathophysiologically relevant levels of hypercholesterolemia, female C57BL/6 LDLr À/À mice were fed a diet containing 0.2% (w/w) cholesterol and 10% (v/w) coconut oil. Three weeks after start of the diet, mice were treated with the LDLr-expressing vector adenoviral LDLr (AdLDLr). Control mice were injected with the control vector Adnull or with saline buffer. Figures 1a and b show the time course of total, non-high-density lipoprotein (HDL) and HDL plasma cholesterol levels in control mice and AdLDLr-treated mice, respectively. Average cholesterol levels in the different lipoprotein classes during the final 4 weeks of the experiment are presented in Table 1 . Average total plasma cholesterol levels were reduced by 77% (Po0.0001) following AdLDLr gene transfer compared with control mice, which was mainly due to a lowering of non-HDL cholesterol levels by 86% (Po0.0001) ( Table 1 ). The reduced non-HDL cholesterol values reflect a decrease in LDL, intermediate density lipoproteins and very low density lipoproteins cholesterol levels by 80% (Po0.0001), 90% (Po0.0001) and 86% (Po0.0001), respectively (Table 1) . HDL cholesterol levels were reduced by 27% (Po0.0001) compared with control mice (Table 1 ). The cholesterol-lowering effect of AdLDLr was significantly more pronounced than the cholesterol-lowering effect of a previously described vector 1 expressing the LDLr under control of a 1.5 kb human a 1 -antitrypsin promoter and four copies of the human apo E enhancer (Supplementary Figure 1) .
Lipid lowering improves survival after MI in hypercholesterolemic LDLr
À/À mice MI was induced 2 weeks after gene transfer or saline injection by permanent ligation of the left anterior descending coronary artery.
To investigate whether AdLDLr gene transfer affects survival after MI, Kaplan--Meier survival curves were compared by log-rank test ( Figure 2 ). Survival 28 days post-MI was significantly higher in AdLDLr-treated mice (95%; 52 mice survived of 55) compared with control mice (80%; 49 mice survived of 61) (Po0.05) (hazard ratio for mortality 0.26, 95% confidence interval 0.11--0.84).
AdLDLr gene transfer in hypercholesterolemic mice reduces infarct size 28 days post-MI Twenty-four hours after left anterior descending coronary artery (LAD) ligation, no significant differences in ischemic risk area (expressed as percentage of LV wall area; 67 ± 2.0%. versus 60 ± 2.8%; P ¼ NS) and infarct size (expressed as percentage of ischemic risk area; 97±1.1% versus 96±1.4%; P ¼ NS) were observed between control (n ¼ 6) and AdLDLr (n ¼ 7) treated mice. Seven days post-MI, infarct size (expressed as midline infarct length normalized to midline LV circumference) was similar in control and AdLDLr-treated mice (Figure 3a) . In contrast to control mice, infarct size in AdLDLr-treated mice decreased substantially between day 7 and day 28 after MI (Po0.05) (Figure 3a) . As a result, infarct size 28 days post-MI was 18% (Po0.05) smaller in the AdLDLr-treated group compared with the control group (Figure 3a) . Representative Sirius red-stained cross-sections of non-infarcted control hearts and infarct hearts at day 7 and day 28 post-MI of control and AdLDLr-treated mice are shown in Figure 4 . A smaller infarct size 28 days post-MI may reflect a more pronounced infarct contraction or LV chamber dilatation. Therefore, a detailed morphometric analysis was performed to determine infarct area, LV remote muscle area and LV cavity area. Morphometric data of LV remodeling in the different groups are summarized in Table 2 . No difference of absolute cross-sectional infarct area was observed at day 7 after MI between the AdLDLr group and the control group ( Figure 3b , Table 2 ). Infarct area decreased in both groups between day 7 and day 28, indicating infarct contraction ( Figure 3b , Table 2 ). However, the more pronounced infarct contraction in the AdLDLr group resulted in a 25% (Po0.01) smaller infarct area compared with control mice at day 28 after MI ( Figure 3b , Table 2 ). Compared with non-infarcted hearts, LV remote muscle area was significantly decreased at day 7 reflecting muscle loss caused by the ligation of the LAD. Between 7 and 28 days after MI, a significant increase in LV remote muscle area was observed in both MI groups. However, 28 days after MI, LV remote muscle area was significantly larger in AdLDLr-treated MI mice compared with control MI mice (Po0.05) ( Table 2) . LV cavity area increased significantly following MI, but did not differ between AdLDLr-treated and control mice at day 7 or day 28 post-MI. The thinning index decreased significantly between day 7 and day 28 after MI, but did not differ between both MI groups ( Table 2 ). The expansion index increased significantly between day 7 and day 28 post-MI, but was similar between both MI groups at both time points (Table 2 ).
LDLr gene transfer in hypercholesterolemic mice reduces inflammation in the remote LV myocardium and counteracts LV remodeling after MI MI resulted in a significant increase in inflammatory cells in the remote LV myocardium at day 7 after MI (Table 3, Figure 5 ). At that time point, CD45-positive leukocyte infiltration was 26% (Po0.05) lower in AdLDLr gene transfer MI mice compared with control MI mice. Twenty-eight days after MI, leukocyte density in the remote LV myocardium was normalized to baseline levels in both groups.
One of the major features of ventricular remodeling after MI is cardiomyocyte hypertrophy. Cardiomyocyte cross-sectional area was 13% (Po0.05) and 15% (Po0.01) smaller at day 7 and day 28, respectively, in AdLDLr-treated MI mice compared with control MI mice (Table 3) . Accordingly, cardiomyocyte density was significantly higher in AdLDLr-treated MI mice than in control MI mice 7 days (Po0.01) and 28 days (Po0.05) post-MI. AdLDLr gene transfer also significantly increased capillary density in the remote LV myocardium at both time points following MI (Po0.05) ( Table 3) . Mismatch between cardiomyocyte size and vascularity may contribute to the transition from cardiac hypertrophy to heart failure. 13 Relative vascularity, calculated as the ratio of capillary density to cardiomyocyte density divided by the cardiomyocyte cross-sectional area (mm 2 ), was 1.2-fold (Po0.05) and 1.2-fold (Po0.01) higher in AdLDLr gene transfer MI mice compared with control MI mice 7 days and 28 days after MI, respectively (Table 3) . Representative photomicrographs of laminin-stained cardiomyocytes, CD31-positive capillaries and laminin-CD31 double staining are shown for the different groups in Figure 5 .
The level of interstitial fibrosis was determined on Sirius redstained sections ( Figure 5 ). Deposition of interstitial collagen was significantly increased in both control and AdLDLr mice following MI (Table 3) . However, interstitial fibrosis was significantly more pronounced in control MI mice compared with AdLDLr-treated MI mice 7 days (Po0.01) and 28 days (Po0.05) post-MI (Table 3) .
LDLr gene transfer increases capillary density in the infarct area of hypercholesterolemic mice 28 days post-MI Table 4 summarizes the histological data of the infarct area for control and AdLDLr-treated mice 7 days and 28 days after MI. Representative pictures of (immuno)histochemical stainings are shown in Figure 6 . Gene transfer with AdLDLr resulted in a 1.3-fold (Po0.01) higher density of CD31-positive capillaries in the infarct area compared with control mice at day 28 after MI (Table 4) . No difference in capillary density was observed 7 days post-MI. In the infarct border zone, capillary density was similar between Figure 2 . Kaplan--Meier curves showing survival of control (full line) and AdLDLr-treated (dashed line) female C57BL/6 LDLr À/À mice after MI. The 0 day time-point corresponds to the induction of MI, which was performed 14 days after saline injection or after gene transfer with Adnull or AdLDLr. Analysis of survival was performed by the Kaplan--Meier method, and between-group difference in survival was tested by the log-rank test with Prism 4 (GraphPad Software). control and AdLDLr-treated mice at both time points after MI (data not shown). Collagen deposition increased significantly between day 7 and day 28 after MI, reflecting enhanced infarct healing over time, but did not differ between both groups (Table 4) . Infiltration of CD45-positive leukocytes and smooth muscle cell a-actinpositive myofibroblasts in the infarct area decreased significantly during the follow-up period after MI, and was similar in both groups (Table 4 ). 
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LDLr gene transfer has beneficial effects on endothelial progenitor cell (EPC) number and ex vivo EPC function but not on EPC incorporation-AdLDLr gene transfer has beneficial effects on neovascularization following MI. EPCs may enhance neovascularization via paracrine effects and/or increased EPC incorporation. Therefore, we investigated the effect of AdLDLr gene transfer on EPC number, ex vivo EPC function and in vivo EPC incorporation. EPCs were isolated from spleens of Adnull or AdLDLr-treated C57BL/6 LDLr À/À mice. After culture for 7 days, EPC number was analyzed by quantification of Dil-acLDL fluorescein isothiocyanateisolectin double-positive cells. The number of spleen EPCs was 2.0-fold (Po0.05) higher after AdLDLr transfer (n ¼ 5) than after Adnull transfer (n ¼ 5) (Supplementary Figure 2A) . To evaluate the effect of AdLDLr gene transfer on EPC function, EPC migration and adhesion assays were performed. The number of migrated EPCs isolated from AdLDLr-treated mice (n ¼ 12) was 2.8-fold higher (Po0.0001) compared with EPCs derived from Adnull-treated mice (n ¼ 12) (Supplementary Figure 2B) . The adherence to fibronectin-coated plates was 1.5-fold (Po0.01) higher for EPCs isolated from AdLDLr-injected mice (n ¼ 6) than for EPCs derived from Adnull-injected mice (n ¼ 6) (Supplementary Figure 2C) . To quantify the incorporation of bone marrow-derived EPCs in the heart of MI mice, bone marrow transplantations with bone marrow of C57BL/6 LDLr À/À b-actin green fluorescent protein (GFP) mice was performed 4 weeks before the start of the diet. Supplementary Figure 3 shows that the number of CD31 GFP double-positive capillaries was not significantly higher at day 28 in the AdLDLr-treated MI group compared with the control MI group in both the infarct area (Supplementary Figure 3A) and the infarct border zone (Supplementary Figure 3B) . Immunohistochemical staining for CD31 and GFP in the infarct area is shown in Supplementary Figure 4 . Taken together, lipid lowering after Table 5 . Hemodynamic measurements in the LV demonstrated an increased peak rate of isovolumetric contraction (dP/dt max ; Po0.05) and an increased peak rate of isovolumetric relaxation (dP/dt min ; Po0.05) in AdLDLr MI mice compared with control MI mice. The LV peak systolic pressure was significantly higher in AdLDLr MI mice than in control MI mice (Po0.01). The mean peripheral blood pressure (Po0.01), peak systolic peripheral blood pressure (Po0.05) and peak diastolic peripheral blood pressure (Po0.01) were significantly higher in AdLDLr MI mice compared with control MI mice and were similar to the pressure in noninfarcted mice.
Lipid lowering following LDLr gene transfer in hypercholesterolemic LDLr À/À mice alters expression of several key genes involved in ventricular remodeling post-MI Table 6 summarizes gene expression quantifications in the remote LV myocardium of control non-infarcted mice and of control and AdLDLr-treated mice 28 days after MI.
LV mRNA expression of angiotensin II receptor type 1a (Agtr1a), a major component of the renin--angiotensin system, was significantly reduced 28 days following MI (Table 6 ). In AdLDLr-treated MI mice, Agtr1a mRNA expression was 1.3-fold (Po0.001) higher compared with control MI mice.
Connective tissue growth factor (Ctgf) mRNA expression markedly increased after MI. However, AdLDLr gene transfer MI mice showed significantly lower Ctgf mRNA expression levels compared with control MI mice (Table 6) , which is consistent with the lower degree of interstitial fibrosis in the lipid-lowering MI group (Table 3) .
Atrial natriuretic peptide (Nppa) mRNA expression in the remote LV of control MI mice was 10-fold (Po0.0001) higher compared with non-infarcted control mice and was similar to values in AdLDLr-treated MI mice ( Table 6 ). The mRNA expression of brain natriuretic peptide (Nppb) also significantly increased following MI. This increase in Nppb mRNA expression was attenuated in the AdLDLr gene transfer MI group compared with the control MI group (1.8-fold difference; Po0.001), consistent with less remodeling and improved ventricular function in the AdLDLr MI group (Table 6) .
Oxidative stress may have a role in the pathophysiology of LV remodeling post-MI. Nicotinamide-adenine dinucleotide phosphate (NADPH) oxidases are major sources of reactive oxygen species production in the heart. Among the five NADPH oxidase (Nox) isoforms, Nox2 and Nox4 are expressed in cardiomyocytes. Nox2 mRNA expression was found to be 2.0-fold (Po0.01) increased after MI in the control group but no significant difference was observed compared with AdLDLr-treated MI mice (Table 6 ). Myocardial Nox4 mRNA expression in control MI mice was 9.0-fold (Po0.0001) increased 28 days after MI, and was 1.9-fold (Po0.05) higher compared with values in AdLDLr-treated MI mice. Expression of the antioxidant enzymes superoxide dismutase (Sod)1, Sod2 and Sod3 was not significantly changed following MI and did not differ between control MI mice and AdLDLr MI mice (Table 6 ). Myocardial lipid peroxidation as analyzed by the thiobarbituric acid reactive substances (TBARS) assay were not increased 28 days after MI and were similar in control and AdLDLr-treated MI mice (Table 6 ).
LDLr gene transfer decreases MMP activity in the infarct area of hypercholesterolemic mice 3 days post-MI Three days after LAD ligation, activities of matrix metalloproteinases (MMP)-2 and MMP-9 were quantified in the myocardial infarct area using gelatin zymography (Figure 7 ). Pro-MMP-9 levels were 36% (Po0.05) lower in AdLDLr gene transfer MI mice compared with control MI mice (Figure 7a ). Active MMP-9 levels were undetectable in day 3 post-MI samples. Pro-MMP-2 and active MMP-2 levels were 35% (P ¼ NS) and 18% (P ¼ NS) reduced, respectively, at day 3 in AdLDLr MI mice compared with control MI mice (Figures 7b and c) . (4) LV contractility and relaxation are significantly improved 28 days post-MI in AdLDLr-treated mice compared with control MI mice and improved cardiac function is reflected in a better preservation of aortic systolic and diastolic pressures. Taken together, the current LDLr gene transfer intervention study demonstrates that plasma cholesterol levels have a significant impact on myocardial biology post-MI.
DISCUSSION
Till now, no lege artis experimental study has investigated direct effects of hypercholesterolemia on myocardial biology post-MI. Lipid lowering may affect ventricular remodeling post-MI indirectly via enhanced coronary endothelial function and improved coronary perfusion post-MI. Therefore, to exclude these salutary coronary effects of lipid-lowering post-MI, we used a model of permanent ligation of the left anterior descending coronary artery and not a model of ischemia-reperfusion injury. In the setting of ischemia-reperfusion injury, modulation of plasma cholesterol levels by dietary manipulations has been performed in several studies. 14--16 Higher plasma cholesterol levels were associated with more pronounced infarct inflammation and a larger infarct size in a rat model of type 2 diabetes, 14 in a rabbit model 15 and in a porcine model. 16 However, the dietary manipulations in these studies are complex, 14, 16 and may also induce lipid-loweringindependent effects. Furthermore, plasma cholesterol levels in the rabbit study were astronomically high, 15 which may undermine the pathophysiological relevance. This study not only differs by the used model of MI, but also by the absence of any dietary manipulation in the intervention phase. Thus, gene transfer with AdLDLr allowed us to investigate the effect of a selective lipid-lowering intervention.
An important result of this study is that AdLDLr gene transfer in C57BL/6 LDLr À/À mice significantly decreased mortality after MI compared with control MI mice. Since the timing of mortality coincided with the known time period of ventricular rupture in mice, 17 reduced mortality may be attributed to a decreased incidence of ventricular rupture. A combination of factors, including an exaggerated inflammatory response and upregulation of MMPs and an impaired reparative fibrotic response, may have a role in the pathogenesis of ventricular rupture. 18 In this study, MMP activity in the infarct area 3 days post-MI was markedly lower in the AdLDLr MI group than in the control MI group. Inflammatory cell infiltration at day 7 after MI was more pronounced in the control MI group compared with the AdLDLr MI group, as evidenced by the higher CD45 immunoreactivity in the remote LV myocardium of control MI mice. The interpretation of these results should further take into account the effect of Po0.0001 for comparison versus non-infarcted mice. Data are presented as means ± s.e.m. qRT-PCR analysis (n ¼ 7--15 per group) was performed using Taqman gene expression assays. Gene expression data analysis was performed using DDCt-based fold-change calculations and data are expressed relative to values in non-infarcted control mice. The degree of lipid peroxidation in LV homogenates (n ¼ 8 per group) is expressed as MDA equivalents (nmol) per mg protein using the TBARS assay according to the instructions of the manufacturer (Cayman Chemical). survival bias. Indeed, died mice may represent animals with the highest degree of inflammation and of extracellullar matrix degradation leading to ventricular rupture. The number of myofibroblasts, identified by smooth muscle cell a-actin expression, was not affected by AdLDLr gene transfer, which corresponded to an equal deposition of newly formed collagen in the infarct area of both groups. Effective infarct healing is also dependent on the formation of a neovasculature capable to deliver oxygen and nutrients. 19, 20 Lipid lowering significantly increased vascularization 28 days post-MI in the infarct area and increased relative vascularity in the remote myocardium, which may have contributed to the better preserved cardiac function in AdLDLr-treated MI mice. AdLDLr gene transfer had beneficial effects on EPC number and ex vivo EPC function, but did not increase EPC incorporation at day 28 compared with the control MI group. Thus, beneficial effects of selective lipid lowering on EPC number and function may have improved neovascularization in a paracrine way by releasing angiogenic factors and proteases to stimulate sprouting of local vessels. 21 Indeed, it has been shown that myocardial EPC transplantation induces humoral effects, which are sustained by host tissues and have a crucial role in repairing myocardial injury. 22 A second prominent finding of this study is that infarct size at day 28 was significantly smaller in AdLDLr gene transfer mice compared with control mice, without a significant difference at day 1 and day 7. Increased infarct contraction in the AdLDLr MI group and consequent beneficial effects on the loading conditions of the remote LV myocardium may have contributed significantly to the attenuation of ventricular remodeling. LV remodeling is characterized by LV chamber dilatation, cardiomyocyte hypertrophy and interstitial collagen deposition. 23 In this study, AdLDLr gene transfer significantly attenuated cardiomyocyte hypertrophy following MI and increased relative vascularity in the remote LV myocardium. The increase in relative vascularity by lipid-lowering treatment implies an improvement of the balance between the vascular and cardiomyocyte compartment in the myocardium and may result in a better protection against the progression to heart failure. 13, 24 Histological analysis showed a higher level of interstitial myocardial fibrosis in control MI mice compared with AdLDLr MI mice. Correspondingly, Ctgf mRNA expression was higher at day 28 after MI in control mice than in AdLDLr mice. Increased collagen deposition in the control MI group may have contributed to the worse LV diastolic function by increased myocardial stiffness. 25 The more severe remodeling and more compromised LV function in control MI mice than in AdLDLr MI mice was also reflected by higher ventricular mRNA expression of Nppb, known to be specifically induced in severe heart failure. 26 Lack of difference in the mRNA expression levels of Nppa between both MI groups may be due to the fact that maximal Nppa mRNA expression is already induced by a slightly impaired ventricular function. 26 The cardiac renin--angiotensin system is highly involved in the remodeling process post-MI. 27 Expression levels of various renin--angiotensin system components, including angiotensin II receptors, are altered in the cardiac tissue following MI. In our study, LV mRNA expression of Agtr1a was significantly reduced 28 days following MI. Downregulation of Agtr1 was also observed in post-infarct myocardium of rats 28 and in end-stage failing human ventricle, 29, 30 and may be the result of chronic stimulation by its agonist, angiotensin II. 31 In this study, Agtr1a mRNA expression was significantly lower in control MI mice compared with AdLDLr-treated MI mice, suggesting a higher activation of the cardiac renin--angiotensin system in hypercholesterolemic mice leading to a more pronounced downregulation of the angiotensin II receptor type 1. Another potential modulator of ventricular remodeling post-MI is oxidative stress. 32, 33 Potential cardiac sources of reactive oxygen species include mitochondria, xanthine oxidase, uncoupled NO synthase and Nox. 34 As hypercholesterolemia is linked to oxidative stress, 35 we speculated that the beneficial effects of AdLDLr gene transfer on ventricular remodeling would be, at least partly, mediated by reduced oxidative stress. LV mRNA expression of the two Nox isoforms, Nox2 and Nox4, was significantly increased 28 days post-MI. A similar increase in Nox mRNA expression 32 or activity 36,37 after MI has been reported by others. In AdLDLr MI mice, Nox4 mRNA expression was markedly lower compared with control MI mice, suggesting that reactive oxygen species production is reduced following lipid lowering. In contrast, myocardial lipid peroxidation was not significantly different in control MI mice and AdLDLr mice compared with non-infarcted mice. This is not explained by a clear alteration of the cellular antioxidant defense system, 33, 38 since mRNA expression of Sods, the first-line defense against reactive oxygen species, was similar in all groups. We cannot exclude that the formation of other oxidation products than aldehydes, as assessed by the TBARS assay, was altered by the intervention. Nevertheless, our data do not support the concept that reduced oxidative stress is an important mediator of the favorable effects of lipid lowering.
Reduced infarct size and attenuated remodeling in the AdLDLr MI mice compared with the control MI mice were associated with a significant better hemodynamic status in the former group as evidenced by improved isovolumetric contraction, isovolumetric relaxation and aortic blood pressures. These data highlight the profound functional consequences of selective lipid lowering and should also be interpreted in the perspective of a survival bias. A beneficial effect of fluvastatin on ventricular remodeling and cardiac function after permanent ligation of the LAD has been shown in normocholesterolemic mice, 39 but this effect is clearly unrelated to lipid lowering.
Our group has previously shown that AdLDLr gene transfer significantly decreases free cholesterol levels in the myocardium of C57BL/6 LDLr À/À mice fed 0.2% cholesterol and 10% coconut oil. 8 Membrane cholesterol may have pleiotropic effects on cardiomyocyte cell biology. An altered cholesterol content of membranes alters the physical properties of a membrane, 9 results in an increase in the membrane bilayer width, 40 and may affect the function of pumps, ion channels and enzymes. Cholesterol enrichment may alter membrane caveolae, 41 thereby inducing changes in cell signaling, transcription, and protein expression. 42 Altered expression and function of proteins embedded in the sarcolemmal or sarcoplasmic reticulum membrane of cardiomyocytes has been observed in the presence of hypercholesterolemia. 11, 43 Therefore, a lower membrane cholesterol content may have contributed to the observed beneficial effects of lipid lowering following AdLDLr gene transfer.
In conclusion, the current LDLr gene transfer intervention study shows for the first time that plasma cholesterol levels per se are a determinant of survival, infarct size, LV remodeling and cardiac function after permanent ligation of the LAD. Whereas experimental studies in normocholesterolemic mice indicate that statins have beneficial effects on ventricular remodeling independent of lipid lowering, this study unequivocally demonstrates that lipid lowering per se may affect myocardial biology after MI. Thus, this study supports a new paradigm that assigns a much broader role of plasma cholesterol levels to cell biology than in the strict setting of atherosclerosis and vascular biology.
MATERIALS AND METHODS
Construction of E1E3E4-deleted adenoviral gene transfer vectors for hepatocyte restricted overexpression of the LDLr
The E1E3E4-deleted adenoviral vector contains an 890 bp human a 1 -antitrypsin promoter and two copies of the 160 bp a 1 -microglobulin enhancer 44 upstream of the 5 0 UTR of the human apo A-I gene, the full-length 2.6 kb LDLr complementary DNA sequence and two copies of the 774-bp human hepatic control region-1. The E1E3E4-deleted control vector Adnull does not contain an expression cassette and has been described before. 45 Vector production was performed as described previously. 45, 46 Animals Female C57BL/6 LDLr À/À mice, originally purchased from Jackson Laboratories (Bar Harbor, ME, USA), received a hypercholesterolemic diet containing 0.2% (w/w) cholesterol and 10% (v/w) coconut oil ad libitum starting from the age of 12 weeks. b-Actin GFP mice, 47 kindly provided by Dr Nagy (Toronto, Canada), were backcrossed to C57BL/6 background for eight generations and further crossed with C57BL/6 LDLr À/À mice to generate homozygous C57BL/6 LDLr À/À b-actin GFP mice.
All experimental procedures in animals were performed in accordance with protocols approved by the Institutional Animal Care and Research Advisory Committee of the Katholieke Universiteit Leuven.
In vivo gene transfer
Gene transfer in C57BL/6 LDLr À/À mice was performed 3 weeks after start of the hypercholesterolemic diet by tail vein injection of 5 Â 10 10 adenoviral particles of AdLDLr. Control mice were injected with saline or with 5 Â 10 10 adenoviral particles of the control vector Adnull. 45 As no difference occurred between the Adnull and saline-injected mice with regard to different endpoints, data of both control groups were consistently pooled.
Blood sampling
Blood was collected by puncture of the retro-orbital plexus. Anticoagulation was performed with 0.1 volume of 4% trisodium citrate and plasma was immediately isolated by centrifugation at 1100 g for 10 min and stored at À20 1C.
Myocardial infarction
Two weeks after gene transfer or saline injection, MI was induced in female C57BL/6 LDLr À/À mice by permanent ligation of the LAD. Mice were anesthetized by intraperitoneal administration of 50--70 mg kg --1 sodium pentobarbital (Nembutal, Ceva, Brussels, Belgium), intubated, and mechanically ventilated (stroke volume in ml ((3 Â body weight (g)) þ 155); frequency: 120 strokes per minute; MiniVent Model 845, Hugo-Sachs Elektronik-Harvard Apparatus GmbH, March-Hugstetten, Germany). A left intercostal thoracotomy was performed. Ligation of the LAD was achieved with a 6-0 prolene ligatures about 1 mm distal from the tip of the left atrium. Successful ligation of the LAD was visualized by immediate discoloration of the myocardium. The thoracic cavity was closed with three 6-0 Ti-Cron sutures. After closure of the skin with 5-0 silksutures, positive pressure was applied at the end of expiration to achieve re-expansion of the lungs. Sham-operated mice underwent the same procedure without occlusion of the LAD.
In vivo hemodynamic measurements
Invasive hemodynamic measurements were performed 28 days after MI or sham operation. Mice were anesthetized by intraperitoneal administration of 1.4 g kg --1 urethane (Sigma, Steinheim, Germany). Body temperature was maintained with a heating pad and monitored with a rectal probe. An incision in the right carotid artery was made with a 26-gauge needle between a distal and proximal non-occlusive ligation of the artery. A 1.4 French Millar pressure catheter (SPR-67/NR; Millar Instruments, Houston, TX, USA) was inserted and advanced to the left ventricle (LV). After stabilization of the catheter, heart rate, maximal systolic LV pressure, minimal diastolic LV pressure, the peak rate of isovolumetric LV contraction (dP/dt max ) and the peak rate of isovolumetric LV relaxation (dP/dt min ) were measured. The end-diastolic LV pressure was calculated manually from the pressure in function of time curves. The time constant of isovolumetric LV pressure fall (tau) was calculated using the method of Weiss et al. 48 Arterial blood pressure measurements were obtained after withdrawal of the catheter from the LV to the ascending aorta. Data were registered with Powerlab Bridge Amplifier and Chart Software (sampling rate 2000 Hz; Fysicon, Oss, The Netherlands).
Bone marrow transplantations
Please see the Supplementary Results in the online-only Supplement.
Plasma lipid analysis
Mouse lipoproteins were separated by density gradient ultracentrifugation in a swing-out rotor as described before. 8 Fractions were stored at À20 1C until analysis. Total cholesterol in plasma and lipoprotein fractions was determined with commercially available enzymes (Roche Diagnostics, Basel, Switzerland). Precipath L (Roche Diagnostics) was used as a standard.
Quantitative reverse transcriptase polymerase chain reaction analysis Twenty-eight days after MI, hearts were dissected, briefly rinsed with saline buffer, snap-frozen and stored at À80 1C until use. RNA was extracted from non-infarcted LV myocardium using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and the Purelink RNA Mini Kit (Invitrogen). An on-column DNase treatment was performed using Purelink DNase (Invitrogen) according to the manufacturer's protocol. Total RNA (1 mg) was reverse transcribed using the QuantiTect Reverse Transcription kit (Qiagen, Hamburg, Germany). Quantitative reverse transcriptase polymerase chain reaction was performed on a 7500 FAST real-time PCR system (Applied Biosystems, Carlsbad, CA, USA) using the TaqMan Fast Universal PCR Master Mix (Applied Biosystems) and a premade mix containing primers and MGB probes (Taqman gene expression assay, Applied Biosystems; see Supplementary Table 1 for details) to quantify Agtr1a, Ctgf, Nox2, Nox4, Nppa, Nppb, Sod1, Sod2 and Sod3 complementary DNA levels (n ¼ 7--15 per group). The glyceraldehyde 3-phosphate dehydrogenase housekeeping gene was used as endogenous control. Data analysis was performed using DDCt-based fold-change calculations.
Gelatin zymography
Evaluation of lipid peroxidation in heart tissue by TBARS assay LV samples isolated from the non-infarcted LV myocardium were homogenized in RIPA lysis buffer supplemented with Complete proteinase inhibitor (Roche Diagnostics) and phosphatase inhibitor (1 Â PhosSTOP, Roche Diagnostics) in a volume of 10 ml buffer mg --1 tissue, as described above. Following the execution of the TBARS assay according to the instructions of the manufacturer (Cayman Chemical, Ann Arbor, MI, USA), the degree of lipid peroxidation in LV homogenates (n ¼ 8 per group) was expressed as malondialdehyde equivalents.
Murine spleen EPC culture assay
Please see the Supplementary Results in the online-only Supplement. 49 
EPC migration assay
EPC adhesion assay
Please see the Supplementary Results in the online-only Supplement. 49 Area at risk and infarct size assessment 1 day after MI Please see the Supplementary Results in the online-only Supplement.
Tissue preparation for histological analysis At 7 or 28 days after MI, hearts were harvested for histological analysis. Mice were perfused via the abdominal aorta with phosphate-buffered saline and hearts were arrested in diastole by CdCl (100 ml; 0.1 N), followed by perfusion fixation with 1% paraformaldehyde in phosphate-buffered saline. After dissection, hearts were post-fixated overnight in 1% paraformaldehyde, embedded in paraffin and 6 mm thick cross-sections at 130 mm spaced intervals were made extending from the apex to the basal part of the LV.
Morphometric analysis of LV remodeling LV remodeling was assessed by morphometric analysis on mosaic images of Sirius red-stained heart cross-sections using Axiovision 4.6 software (Zeiss, Zaventem, Belgium). Infarct size (%) at day 7 and day 28 post-MI was calculated according to Takagawa et al. 50 by dividing the sum of midline infarct lengths from all sections by the sum of midline LV circumferences from all sections and multiplying by 100. Midline infarct length was defined as the midline length of infarct that included 450% of the whole thickness of the myocardial wall. Whole LV area (mm 2 ), LV cavity area (mm 2 ), LV remote muscle area (mm 2 ; including the septum) and infarct area (mm 2 ) were analyzed. Infarct wall thickness (mm) was measured at equidistant points over the infarct area perpendicular to the infarcted wall. The thinning index was determined as the ratio of the mean infarct wall thickness normalized to the mean septal wall thickness. Expansion index was calculated as ((mean septal thickness/mean infarct thickness) Â (LV cavity area/whole LV area)). 51 All geometric measurements were computed in a blinded fashion from representative tissue sections of four separate regions and the average value was used to represent that animal for statistical purposes.
To assess the degree of fibrosis in the heart, the area of collagen deposition was traced on Sirius red-stained tissue sections using polarized light and spectral thresholding allowing evaluation of tightly packed (redorange) type I collagen versus thin, loosely assembled (yellow-green) type III collagen on a Leica RBE microscope with KS300 software (Zeiss). The degree of intersitital fibrosis (%) and the degree of collagen deposition in the infarct area (%) is expressed as the total collagen-positive area normalized to the total LV remote area or infarct area, respectively. Any perivascular fibrosis was excluded from this analysis. Two mid-ventricular sections were studied per animal.
Cardiomyocyte hypertrophy was analyzed on laminin-stained sections by measuring the cardiomyocyte cross-sectional area (mm 2 ) of at least 200 randomly selected cardiomyocytes in the non-infarcted LV myocardium. Two mid-ventricular cross-sections were analyzed per mouse. Cardiomyocyte density was determined on the same laminin-stained sections by counting the number of cross-sectioned round shaped cardiomyocytes per mm 2 of cardiomyocyte-covered LV myocardium.
Immunohistochemistry
Paraffin sections were stained with rat anti-mouse CD45 (BD Biosciences, San Jose, CA, USA; 1/100) to detect leukocytes. Inflammatory cells were quantified in a blinded fashion by computer-assisted image analysis using KS300 software (Zeiss). Myofibroblast infiltration was examined as the percentual area of the infarct positively stained for mouse anti-human smooth muscle cell a-actin (Dako, Glostrup, Denmark; 1/500), excluding coronary vessels. Capillary density in the infarct area, the infarct border zone, and the non-infarcted myocardium was determined on sections stained with rat anti-mouse CD31 antibodies (BD Biosciences; 1/500). Relative vascularity in the non-infarcted myocardium was determined as ((capillary density (number mm --2 )/cardiomyocyte density (number mm --2 ))/ cardiomyocyte cross-sectional area (mm 2 )) 13 and was assessed on sections double stained for rat anti-mouse CD31 (BD Biosciences; 1/500) and rabbit anti-mouse laminin (Sigma; 1/50). To evaluate EPC incorporation in the infarct area and infarct border zone, heart sections from bone marrow transplantation mice were immunohistochemically double stained with rabbit anti-mouse GFP (Molecular Probes, Carlsbad, CA, USA; 1/200) and rat anti-mouse CD31 (BD Biosciences; 1/500) antibodies. Nuclei were visualized with 4,6-diamidino-2-phenylindole (DAPI) (Invitrogen). Only GFP CD31 double-positive cells that colocalized with a DAPI signal were considered as bone marrow-derived endothelial cells. Data are expressed as the number of GFP þ CD31 þ capillaries per mm 2 of cross-sectional area.
Statistical analysis
All data are expressed as means±s.e.m. Areas under the curve were calculated using Prism4 (GraphPad Software, San Diego, CA, USA). Parameters were generally compared between two groups with an unpaired Student's t-test using Instat3 (GraphPad Software). When indicated, a logarithmic transformation, a square root transformation, or a non-parametric Mann--Whitney test was performed. Kaplan--Meier survival curves were analyzed by log-rank test using Prism4 (GraphPad Software). A two-sided P-value of o0.05 was considered statistically significant.
